Microbotryum lychnidis-dioicae is an obligate biotrophic parasite of the wildflower species Silene latifolia. This dikaryotic fungus, commonly known as an anther smut, requires that haploid, yeast-like sporidia of opposite mating types fuse and differentiate into dikaryotic hyphae that penetrate host tissue as part of the fungal life cycle. Mating occurs under conditions of cool temperatures and limited nutrients. Further development requires host cues or chemical mimics, including a variety of lipids, e.g. phytols. To identify global changes in transcription associated with developmental shifts, RNA-Seq was conducted at several in vitro stages of fungal propagation, i.e. haploid cells grown independently on rich and nutrient-limited media, mated cells on nutrient-limited media as well as a time course of such mated cells exposed to phytol. Comparison of haploid cells grown under rich and nutrient-limited conditions identified classes of genes probably associated with general nutrient availability, including components of the RNAi machinery. Some gene enrichment patterns comparing the nutrientlimited and mated transcriptomes suggested gene expression changes associated with the mating programme (e.g. homeodomain binding proteins, secreted proteins, proteins unique to M. lychnidis-dioicae¸multicopper oxidases and RhoGEFs). Analysis for phytol treatment compared with mated cells alone allowed identification of genes likely to be involved in the dikaryotic switch (e.g. oligopeptide transporters). Gene categories of particular note in all three conditions included those in the major facilitator superfamily, proteins containing PFAM domains of the secretory lipase family as well as proteins predicted to be secreted, many of which have the hallmarks of fungal effectors with potential roles in pathogenicity.
INTRODUCTION
Like all organisms, fungi need to perceive environmental cues and respond appropriately for proper growth and development. Those responses are mediated at multiple levels of gene expression regulation, including transcription, post-transcriptional modifications and translation. Changes in steady-state levels of RNA is one level of gene expression that can be assessed in a reliable and sensitive manner to gain insight into responses to changing growth conditions. Microbotryum violaceum sensu lato is a large species complex of plant pathogenic Basidiomycete fungi (anther smuts), which infects members of the Caryophyllaceae (Pinks) family. Each species in the Microbotryum complex is host specific, in most cases, only able to infect one or a few closely related plant species, although a few cryptic generalist species have been reported [1] . Completion of the life cycle and release of diploid spores only occurs in planta and thus sexual reproduction for these species is obligately parasitic. Nevertheless, the haploid basidiospores or sporidial cells are yeast-like and are easily propagated on artificial media in the laboratory. The growth of haploid strains of one species in the complex, Microbotryum lychnidis-dioicae, has been examined for various in vitro conditions [2] . No differences in growth or obvious morphology were observed for individual sporidial strains or in comparisons between different mating-type strains between 2 and 6 days at 15 C on water agar, considered a limited nutrient stress condition. For mated cells, conjugation was observed from linear tetrad germination, and effects of temperature and nutrient availability on the development and growth of the fungus have also been examined [2] .
As a representative of the Microbotryum fungal complex, M. lychnidis-dioicae is a species that infects Silene latifolia. Isolates of this species were the first used to provide published genome sequences at high coverage for members of the Microbotryum complex [3, 4] . Several molecular genetic studies on this species have focused on the mating-type loci and the mating-type chromosome on which they reside; extensive degeneration in the form of transposable elements in the non-recombining regions (NRRs) has been found on that chromosome [5, 6] . Differences between the matingtype chromosomes of haploids of different mating types are found in the mating loci on those chromosomes but additionally throughout the whole NRR which shows losses of genes and differentiation between a 1 and a 2 alleles [3] . The existence of different mating types is thought to prevent identical haploid clones from mating with each other [7] .
Interestingly, some differences have been observed in the behaviours and characteristics of the respective a 1 and a 2 mating-type strains [3, 8, 9] . Of note, the a 2 mating-type partner controls mitochondrial inheritance after mating [10] . To date, there have been no studies that explore extensively whether physiological differences and/or differences in gene expression are associated with haploid cells of different mating type.
The dimorphic switch, usually between a yeast-like form and a filamentous form, is a hallmark of the pathogenic programme of both human and plant pathogenic fungi [11] [12] [13] . Since in the life cycles of many pathogenic fungi, including M. lychnidis-dioicae, mating is an important prerequisite for the dimorphic transition and downstream events (e.g. host penetration and subsequent infection success), we were interested in identifying differences in gene expression in haploid strains under distinct conditions, particularly those involved in the dimorphic switch between yeast-like sporidia and filamentous hyphae. Similar studies of haploid response to environmental cues leading to the dimorphic switch in Ustilago maydis, the pathogen of maize, provided important insights into transcriptomic changes induced by differences in pH [14] , lipids or low nitrogen availability [15, 16] .
In the current study, we examined differences in global gene expression in M. lychnidis-dioicae cells under distinct conditions in vitro, including haploids grown separately on different media, as well as populations of mated cells with and without phytol treatment, a signal known to induce stable dikaryon formation [4, 17] . Comparison of expression profiles helped detect candidate genes with putative roles in mating and/or infection. Further, such analyses suggested differential roles for the two different mating types in these processes. M. lychnidis-dioicae is a particularly good model for such analyses since, unlike other well-studied dimorphic pathogens, unmated haploid cells do not exhibit obvious physiological or morphological changes when starved of nitrogen or exposed to lower temperature. In U. maydis and Saccharomyces cerevisiae, since filamentation as response to low ammonium is associated with up-regulation of the respective ammonium transporters [15, 16] , the lack of such a phenotype in M. lychnidis-dioicae might predict that there would be no corresponding up-regulation of ammonium transporters in this species. Moreover, in the current study, comparing haploid cells with mated cells and mated populations exposed to a trigger for stable dikaryon formation allowed further characterization of mating-type-specific gene responses and switches that occur when mated cells produce the dikaryon, which is a prerequisite for successful infection.
METHODS Preparation of fungal cells
Haploid fungal strains (p1A1 and p1A2) ('Lamole' strains: Genbank 100-15Lamole [4, 6, 18] ) grown under rich conditions (referred to as Rich) were grown for 4-5 days on yeast peptone dextrose media (YPD; 1 % yeast extract, 10 % dextrose, 2 % peptone and 2 % agar) at room temperature before RNA extraction. Two independently extracted RNA samples of each haploid strain were sequenced and analysed as biological replicates.
For the nutrient-limited (referred to as NL) condition, the same isolates were resuspended in sterile distilled water after growing for 4-5 days on YPD at room temperature and were adjusted to 10 9 cells per millilitre by OD 600 determination. Then, 800 µl of the suspension was dispensed to cover the entire agar surface of a 'Nutrient-Limited (NL)' agar plate (composition: 2 % Bacto agar) in an even layer and allowed to dry. The plates were incubated at 14 C for about 48 h before RNA was extracted. Two independently extracted RNA samples of each haploid strain were submitted and analysed as biological replicates. The same was done for mated samples (referred to as Mated) except that the two strains were combined in equal proportions to make the 10 9 cells per millilitre suspension. Two Mated samples were submitted and analysed as biological replicates.
Samples where mating occurred in the presence of phytol (referred to as Pmated) were prepared in the same way as Mated except that the solution in which the suspension was prepared contained 5 % ethanol and 1 % phytol (SigmaAldrich, cat. no.: P3647). Ethanol and phytol were combined first in order to dissolve the phytol, and then the mixture was added to sterile distilled water containing a total of 10 9 haploid cells per millilitre final concentration. A similar preparation that included 5 % ethanol but lacked phytol was used as a negative control and did not produce any observable differences compared to untreated Mated cells (data not shown). RNA was extracted from Pmated samples at 12, 24 and 48 h based on observations made in previous pilot experiments. Four Pmated12, three Pmated24 and two Pmated48 samples were submitted to the Broad Institute and analysed as biological replicates.
RNA extraction and sequencing RNA was extracted and processed as previously published [4] . A minimum of 5 µg of DNA-free RNA was prepared for each sample and strand-specific libraries were constructed for each sample as previously described [19, 20] . Each library was sequenced using Illumina technology to generate 76 base-paired reads. RNA-Seq data from different conditions were processed using Trinity pipeline [21, 22] as follows. RNA-Seq reads from each sample were aligned using Bowtie [23] against annotated transcripts [4] . Fungal gene expression levels were estimated by RSEM [24] and edgeR with TMM normalization [25, 26] was used to identify differentially expressed genes between each pair of conditions with a corrected P-value cutoff of 1E-5. The test used with edgeR was the Exact test, which tests for genewise differences in the means between two groups of negative-binomially distributed counts. Data for correlation between normalized counts for replicates are presented in Fig. S1 Gene set comparisons Venn diagrams were generated using the online tool Venny [27] . The edgeR results were sorted to extract the list of the predicted genes [4] that were significantly up-or downregulated (false discovery rate, FDR <1e-5) against a reference condition in the pairwise analysis.
Gene set enrichment analysis Gene set enrichment analysis (GSEA) [28, 29] was performed to discover functional enrichment in differential genes, using functional annotations from PFAM domains, all Gene Ontology (GO) terms [30] after filtering out GO terms with too few or too many genes and KEGG pathway maps [31] using the GenePattern software [32] . In addition, the predicted small secreted proteins (SSPs) (less than 250 amino acids long), secreted proteins (SPs) (more than 250 amino acids long) and proteins found as unique to M. lychnidis-dioicae based on OrthoMCL analysis [4, 33] were also included as gene sets to see if there were any enrichment of these genes among those differentially expressed. The resulting gene set list (.gmt) consisted of 801 gene sets, with a range of 5-1116 members. Preranked gene lists (.rnk) based on significance of differential expression from every pairwise comparison made were processed by the GSEAPreranked module. When running the software, the algorithm was set to allow a minimum gene set of five and maximum of 1200. Gene sets that were significantly enriched at FDR <25 % or nominal P-value <1 % were listed and examined for further hypothesis generation.
RESULTS AND DISCUSSION
In this study, our overall goals were to compare gene expression at various stages during the in vitro portion of the life cycle of M. lychnidis-dioicae (Fig. S2) . Since the mating process is a prerequisite for plant infection and the complete genome has now been sequenced, understanding the gene expression changes during mating was the next logical step in this kind of investigation. Thus, we compared transcriptomes of haploid cells from each mating-type strain (p1A1 and p1A2), grown on YPD medium ('Rich'), where they grow vegetatively and reproduce by budding. In addition, the same strains incubated separately on water agar would be exposed to a nutrient-limited condition (NL), allowing a determination of genes differentially regulated by starvation; some of these genes might also be involved in priming the respective mating types in preparation for mating. Under the same conditions, if these strains were inoculated together, mating ensues ('Mated') and, thus, transcriptome analysis provided insights into gene expression that is controlled during and after mating. Finally, exposure to lipids, such as phytol or tocopherols, causes mated cells to produce dikarya [17] , a prerequisite for penetration of the host plants and successful infection. Thus, mated cells exposed to phytol for a number of hours (e.g. Pmated12 or Pmated24) provided the opportunity to examine altered gene expression in response to this signal and to potentially predict genes whose expression primes the dikaryon for later differentiation.
RNAi pathway differential gene expression during growth in rich media
While differential expression of components of the RNAi pathway has been clearly examined in mammalian cells [34, 35] and plant cells, much less work has described expression of these genes in fungi. In one of the few reports for fungi, dcl-2 of Penicillium marneffei, encoding a Dicer-like protein, was up-regulated in the mycelial form compared to the yeast form [36] . Here, we observed differential expression of predicted components of the RNAi pathway in M. lychnidis-dioicae. None of these genes is located on the mating-type chromosome and they should be nearly identical in both mating-type strains [3, 4] . Nevertheless, both MVLG_06823 (ARGONAUTE) and MVLG_01202 (DICER) were up-regulated in p1A2 Rich compared to all other haploids and compared to Mated cells. Another gene predicted to encode ARGONAUTE, MVLG_06899, did not change expression significantly in any of the in vitro stages but was up-regulated in the early stages of teliosporogenesis [4] (S. S. Toh et al., unpublished). Thus, these RNAi components perhaps play specific roles in the different stages of development of the fungus. Similarly, components of the RNAi machinery of Fusarium graminearum, the causal agent of head blight in cereal crops, appear to be involved in a regulatory pathway for mating-locus-mediated sexual development, in which both mating loci may be activated by several environmental cues, and then control the expression of at least 1245 target genes during sexual development [37] .
Genes differentially regulated for both NL and Mated conditions suggest media-specific changes in expression, while differential expression among the haploids on NL and the mated samples implicate genes for mating and beyond During in vitro growth, genes on a 1 and a 2 strain mating-type chromosomes are differentially expressed [4, 5] . In a previous analysis of Rich, NL and Mated treatments, 177 genes were differentially expressed when comparing the a 1 and a 2 mating-type strains, and 93 of those were differentially expressed in both NL and Rich. However, some of these changes in gene expression between the two mating types may have been due to use of the a 1 genome as reference, without having a complete a 2 genome for comparison. Thus, transcripts specific to the a 2 mating type may have gone undetected. As we did not map transcripts specifically to the a 2 mating-type genome in the current study, we must provide the caveat that a 2 -specific gene expression for genes on the mating-type chromosome would similarly go undetected in these analyses or perhaps lead to false indications of down-regulation in a 2 mating-type cells. Where possible, genes expected to lie on the mating-type chromosomes were thus tested with respect to the a 2 matingtype genome [3] when our analysis suggested down-regulation in this background.
Here, we first compared for biological replicates the expression patterns of haploid and mated strains. Among the conditions examined, both media and mating type influenced expression pattern. The number of predicted genes in p1A1 NL, p1A2 NL and Mated that were significantly up-and down-regulated compared to the Rich condition are shown in Fig. 1 and a heatmap of these comparisons is found in Fig. S1 . With a cutoff of FDR <1e-5, relative to growth on Rich media, a total of 1508 genes (768 down-regulated and 740 up-regulated) for NL and Mated, or when just comparing NL to Rich, 1551 total (774 down, 777 up) were differentially transcribed (Fig. 1) . Among these, a large proportion, 1384, were commonly up-and down-regulated among both NL and Mated conditions, suggesting that these are media-specific changes in expression.
'NL' and Mated treatments share up-regulated gene sets for oligopeptide transporters, secretory lipases, SPs and proteins unique to Microbotryum species To obtain an objective understanding of the types of genes that were differentially regulated, genes determined to be differentially expressed among the conditions were grouped with respect to functions identified by protein sequence domains, such as PFAM domains. M. lychnidis-dioicae Lamole strain has 56 predicted genes with an RNA recognition motif (PF00076) [4] . Of these, one gene (MVLG_03719) was located on the pseudo-autosomal region of the mating-type chromosome and five genes (MVLG_05905, MVLG_05906, MVLG_05907, MVLG_06413 and MVLG_06570) were found on the NRR. The remainder of these genes are located on the autosomes. When both NL and Mated were compared to Rich (Tables 1 and S2-S5; complete listing, including FDR values,  shown in Table S1 ), the common gene set enrichments among the genes up-regulated (Table 1 and S4) included PFAM domains associated with oligopeptide transporters (OPTs), secretory lipases, alpha/beta hydrolase fold (found in hydrolytic enzymes, including proteases, lipases and esterases), SPs as well as proteins unique to M. lychnidis-dioicae based on comparative genome analysis that included as closest species Sporobolomyces roseus and Rhodotorula graminis [4] . Genes with PFAM or TIGR domains for OPTs (PF03169.8; TIGR00728) were identified as enriched in NL and Mated comparisons with Rich, as were genes with PF03583.7 (secretory lipases). Proteins unique to M. lychnidis-dioicae were upregulated in p1A2NL and Mated relative to p1A2Rich. The category Secreted Proteins was up-regulated in p1A2NL relative to each haploid strain grown alone in Rich; similarly, Secreted Proteins was an up-regulated gene set in Mated vs. p1A1Rich.
OPTs are extremely versatile peptide transporters with an extended substrate spectrum [38] . M. lychnidis-dioicae is predicted to encode 18 OPT-like proteins [4] . While OPTs were significantly enriched among genes up-regulated in nutrient-limited samples, this gene family displayed a more complex regulation pattern across the conditions tested, and the genes were further differentially regulated during stages in planta (S.S. Toh et al., unpublished) [39] . Five OPTs were significantly up-regulated in Mated and NL compared to Rich, but not different in the phytol-treated groups, compared to Mated; these may be related to nutrient availability.
In NL and Mated treatments, down-regulation of gene sets for cellular components, mitosis and metabolism was found, as was repression of genes bearing multicopper oxidase domains In the Rich condition, fungal cells are growing and dividing mitotically, whereas on water agar (NL) where mating can take place, lack of nutrients and the low temperature probably slow or arrest mitotic growth. The gene set enrichment is consistent with this prediction where the three main GO categories identified in enrichment analysis (cellular components, biological processes and molecular functions and metabolism) were among those gene sets that were downregulated in NL and Mated.
Genes bearing three multicopper oxidase domains were significantly enriched among those down-regulated in the NL and Mated conditions. Basidiomycetes tend to have multiple copies of multicopper oxidases, which have been implicated in many different types of processes and regulation [40] . MVLG_00670 and MVLG_01868 appear similar to be ferroxidases; together with MVLG_01284, they were downregulated in NL and Mated conditions. In contrast, MVLG_03092, probably a laccase, is predicted to be secreted and was up-regulated in NL.
Genes differentially expressed in NL compared to Mated conditions: specialized roles respectively for pre-and post-mating functions In contrast to genes expressed similarly in NL and Mated conditions, genes differentially expressed uniquely in NL but not in Mated could reflect a response as preparation for mating, while those unique to Mating reflect genes needed for early responses of mating cells. Relative to the Mated condition, the haploid p1A1NL and p1A2NL conditions shared more common differential expression (324 up-and 247 down-regulated) than mating-type-specific changes (100 upand 2 down-regulated uniquely in p1A1 vs. 162 up-and 97 down-regulated uniquely in p1A2). Among the genes differentially expressed in the haploids in NL compared to Mated were two whose predicted proteins contained PFAM domains associated with lipases [MVLG_00914, PF03583.7, Secretory lipase; MVLG_01816, PF01764.18, Lipase (class 3)]; these genes were up-regulated in NL (but not Mated) compared to Rich (FDR approximately 2e-5). Additionally, genes encoding proteins bearing PFAM domains for CAAX amino-terminal protease (MVLG_01370), isoprenylcysteine carboxyl methyltransferase and prenylcysteine lyase (MVLG_05930) were up-regulated in one mating type or in both mating types in NL relative to Mated. It is possible that these genes are involved in post-translational modifications of pheromone precursors in order to facilitate mating [41] . There were also classes of proteins differentially represented by unique genes in the NL or Mated conditions, including those encoding PFAM domains for mitochondrial carrier proteins, RhoGEFs [e.g. the Mated category was enriched for the RhoGEF domain (PF00621), a motif that includes components involved in G-protein signalling], fungus-specific Zn(2)-Cys(6) cluster zinc finger transcription factors, MFS/ sugar transporters, glycosyl hydrolases and response regulator receiver domains. Interestingly, 192 genes were uniquely down-regulated in p1A1NL relative to p1A2NL and no genes were up-regulated in p1A1NL vs. p1A2NL. Twelve of the genes up-regulated in p1A2NL were located on the matingtype chromosome (i.e. MVLG_07258, MVLG_7161, MVLG_6563, MVLG_6231, MVLG_6236, MVLG_6416, MVLG_6572, MVLG_6794, MVLG_7142, MVLG_7146, MVLG_7267 and MVLG_7321). Additional differentially regulated clusters of genes were found on the 'autosomes' (i. e.not on the mating-type chromosome): e.g. MVLG_06710-17, MVLG_7020-23 and MVLG_7051-7055 (except MVLG_07054, located on the mating-type chromosome). This is consistent with the hypothesis that the a 2 mating type contributes more in the initiation of the mating relationship since the NL treatment is conducive to mating but the mating partner is absent. This is also consistent with previous reports that the a 2 mating type produces the conjugation tube earlier and to a greater length [8, 9] . Further support is provided by the presence of two homologues of STE12 on the a 2 mating-type chromosome [3] and its absence in the a 1 mating-type chromosome.
In these analyses, 126 differentially regulated genes specific to the Mated condition were identified. Nearly 50 of these were annotated as hypothetical proteins, whose function has yet to be determined. Perhaps somewhat surprisingly, a gene encoding a high-affinity ammonium transporter (MVLG_00253) was up-regulated in the Mated condition, but not significantly in the NL condition relative to Rich. In a number of other Fig. 1 . Venn diagram of number of predicted genes in each condition that were significantly (a) up-and (b) down-regulated compared to Rich. Venn diagrams were generated using the online tool Venny [27] . The edgeR results were sorted to extract the list of the predicted genes [4] that were significantly up-or down-regulated (FDR <1e-5) against the Rich condition in the pairwise analysis. Note in (a) that there were no p1A1NL genes up-regulated relative to p1A2NL in these analyses.
fungi, such genes are often highly up-regulated in haploid cells grown under conditions of low ammonium [15, 42] . Based on previous analysis [5] , genes located on NRRs were not more frequently up-regulated than those in the non-mating-type chromosomes in the Mated condition, nor were the differentially regulated genes between a 1 and a 2 mating types up-regulated in the Mated condition. While these genes could have mating-type-specific roles, genes with weak or no expression in one of the mating-type strains may have been inactivated during the evolution of the respective mating-type chromosomes that included extensive rearrangements and degeneration [43] . In fact, 10 genes lacked any expression under the p1A2NL condition, whereas they were expressed in Mated cells. Of these, five (MVLG_06188, MVLG_6229, MVLG_ 6269, MVLG_6270 and MVLG_6750) showed no match to the p1A2 genome [3] (European Molecular Biology Laboratory European Nucleotide Archive, accession no. PRJEB7910).
In the typical process of mating for Basidiomycetes, only the pheromones/receptors and homeodomain genes are involved in mating [44] . However, genes involved in initiation of mating could be expressed specifically in haploid NL cells rather than Mated. In NL, the fungal cells were in a conducive environment for mating (i.e. stressful both in terms of temperature and nutrient availability) but lacked the mating partner; in contrast, in Mated samples, mating had already taken place and conjugation tube formation had already occurred; thus, transcripts related to initiation of mating may already have been lost. We investigated this possibility with further GSEA.
Importantly, five of the OPT group (MVLG_04056, MVLG_04057, MVLG_04545, MVLG_05201 and MVLG_07217), none of which were located on the matingtype chromosomes, were significantly up-regulated in p1A2 NL even when compared to Mated, suggesting possible involvement with pheromone sensing due to the 'initiative' taken by a 2 in mating; thus, they exhibit higher transcription levels in the p1A2NL condition, whereas in Mated, their activity would no longer be required, since the mating process would have been completed.
In basidiomycete fungi, where post-cell fusion events of mating are controlled by genes other than those encoding the pheromone and receptor, b mating-type genes encode two subunits of a homeodomain (HD) transcription factor, consisting of an HD1 class and an HD2 class protein [45] . In general, the HD1 and HD2 proteins share a common domain organization, though they are not related to each other in primary sequence. Also, compatible mating partners must have both different HD1 and HD2 alleles [45] . The identified HD proteins, MVLG_07149 and MVLG_07150, which determine post-mating compatibility, had nearly undetectable expression in Rich. Mated samples showed additional increases beyond those of p1A1 NL, of 2.21 and 5.91 log2 fold, respectively, for these two genes. This suggests that there is transcription of the HD genes in haploids under NL conditions, even in the absence of a mating partner, and that the gene expression level increases post-mating, which is consistent with its function. Given the importance of HD function in downstream events in both basidiomycetes [46] and in ascomycetes [47] , expression of HD genes as a response to environmental cues appears more generally to be crucial to completion of the mating process. Becker et al. [48] found evidence for mating-type transcription factor functions that extend beyond their previously understood role in sexual development. These new roles include regulation of hyphal morphology, asexual development as well as amino acid, iron and secondary metabolism. Furthermore, in vitro DNA protein binding studies and downstream analysis in yeast and Penicillium chrysogenum enabled the identification of a MAT1-1-1 Phytol-mated samples showed enrichment for upregulation of MFS, secretory lipase, SP, SSPs and proteins unique to Microbotryum species Dikaryon formation is required for entry into the plant host. M. lychnidis-dioicae reacts to chemicals like phytol and a-tocopherol [17] in vitro to produce a dikaryon/ hyphae on artificial medium. A filamentous appearance following formation of conjugation tube (Fig. 2d) is observed compared to no phytol control (Fig. 2c ).
Assessing the number of genes that were differentially regulated in mated cells in the presence of phytol over 12 h (Pmated12), 24 h (Pmated24) and 48 h (Pmated48) compared to mated cells in the absence of phytol at 48 h (Mated) identified a total of 964 (13.1 %) predicted genes that were up-regulated compared to Mated and 445 (6.0 %) were down-regulated compared to Mated. Of these, a smaller proportion were up-regulated (22.1 %) and down-regulated (2.7 %) throughout the entire course of treatment compared to Mated ( Fig. 3; heatmap Fig. S3 ). These comparisons show that the majority of the gene expression changes happened within the first 24 h of phytol treatment.
Genes that presented a detectable trend over the time course were identified by examining all the pairwise comparisons and taking all significant gene expression changes into account (Table 2 ; gene set enrichments of note in Tables 3  and 4 ). However, it should be noted that these trends may or may not be exclusive to mating cells in the presence of phytol since the time-course data for corresponding mating cells in the absence of phytol were not obtained.
Major facilitator superfamily
Several OPTs were differentially expressed during treatment of mated cells with phytol. Three predicted OPTs (MVLG_00150, MVLG_03106 and MVLG_05200), though up-regulated in NL and Mated, were reduced in expression in Pmated, while three others (MVLG_02728, MVLG_04056 and MVLG_04057) were further up-regulated in Pmated relative to their levels in Mated. Moreover, we note that M. lychnidis-dioicae has a large inventory (i.e. 118) of MFS domain-containing genes [4] . A cluster of genes was identified (MVLG_06790-MVLG_06794) containing either only a major facilitator domain (MFS, PF07690) or an additional sugar transporter domain (PF00083; for MVLG_06794). They were most closely related to MFS domain-containing proteins of Microbotryomycetes and belong together as one paralogous family, suggesting similar functions, yet they had varying expression patterns. Three of these transporters (MVLG_06790-MVLG_06792) are potentially involved in the filamentation process, as they were increasingly expressed from 12 to 48 h phytol treatment, while the Mated samples expressed them at nearly the same levels as at 12 h. Interestingly, MVLG_06792 is located on the mating-type chromosome.
Secretory lipase (PF03583)
In previous work [4] , expression of the secretory lipase gene family (named for the presence of this PFAM domain, PF03583.7, in the predicted proteins) presented interesting patterns. With these new data, we have evidence of Fig . 3 . Venn diagram of number of predicted genes that were (a) upregulated and (b) down-regulated in Phytol-mated (Pmated) compared to Mated condition. Venn diagrams were generated using the online tool Venny [27] . The edgeR results were sorted to extract the list of the predicted genes [4] that were significantly up-or down-regulated (FDR <1e-5) against the Mated condition in the pairwise analysis.
enrichment of up-regulated secretory lipases both in Mated and NL when compared to Rich and, perhaps more importantly, members of this group were up-regulated even more so in Pmated24 and Pmated48 when compared to Mated.
Three cytoplasmic secretory lipase proteins (MVLG_07229, MVLG_07284 and MVLG_07291) were found to be highly induced in the NL condition, as found previously [4] .
Expression of two proteins lacking a secretion signal was significantly up-regulated in Mated stages. MVLG_00914 showed 9 and 11 log2 fold increase in Pmated24 and Pmated48, respectively, when compared to Mated. MVLG_05549 showed about a 3 log2 fold increase throughout the 48 h period when compared to Mated and the three cytoplasmic proteins were not differently expressed than in Mated. Thus, expression of the three cytoplasmic proteins may be related to nutrient availability.
In addition, two other secretory lipases, MVLG_00933 and MVLG_00934, were also up-regulated in Pmated. Previous quantitative real-time PCR experiments (M.H. Perlin et al.,
unpublished) were not able to establish the expression level of these two secretory lipases. From these new data, we found that significant up-regulation was only detectable at 24 h in RNA-Seq and transcript abundance was only about 20 transcripts per million, compared to more than 100 with the other secretory lipases that were detected in the quantitative real-time PCR experiment. Moreover, these two secretory lipases showed more than 9 and 11 log2 fold increases in Pmated24 and further increases to 12 and 15 log2 fold increases, respectively, in Pmated48. Hence, we propose that MVLG_00914, MVLG_00933, MVLG_00934 and MVLG_05 549 are directly involved in the response to phytol and filamentation of the fungus. It is also interesting to note that the MVLG_00914, MVLG_00933 and MVLG_00 934 are located close together in the genome; of these, only MVLG_00934 was not predicted to be secreted. Also of interest, MVLG_04698, which was predicted to encode a fatty acid synthase, was up-regulated in NL and Mated when compared to Rich, but the expression was the same for this gene in Pmated compared to Mated. *The numbers represent the hours at which the phytol-treated sample were extracted. < represents an increase; > represents a decrease; = represents no detectable changes. †Percentages were calculated based on total gene set of 7364 genes. Table S1 .
Secretory or extracellular lipases from plant pathogenic fungi likely function in acquiring nutrients or in penetrating or otherwise negotiating interaction with the host target tissue. As such, these enzymes can be involved in breaking down the physical defence barrier presented by the plant cuticular layer. Differential expression of some of the M. lychnidis-dioicae genes with this PFAM domain (i.e. MVLG_00914, MVLG_00933, MVLG_00934 and MVLG_05549) is consistent with that prediction, as their expression appeared to increase with phytol treatment that would lead to dikaryon formation. However, their role may have additional or alternative roles in the interaction of M. lychnidis-dioicae with its host. Two of the genes predicted to encode secreted lipases, MVLG_00914 and MVLG_05549, were also significantly up-regulated in late-stage infected flowers (S.S. Toh et al., unpublished) [39] . We speculate that some of these lipases may have a role in the induced morphological changes in Silene flowers. In particular, it is interesting that lipases can produce localized pools of alinolenic acid which through a series of plant-based chemical reactions is converted to jasmonic acid (JA). Since JA plays a role in development of inflorescence, including sex determination and fertility [50, 51] , it is plausible that M. lychnidis-dioicae lipases could create altered metabolic pools of a-linolenic acid in the developing meristematic region, thereby altering JA levels and effecting sex determination/development of both male and female inflorescence. This would provide a novel functional consequence of secretory lipase for an endophytic/biotrophic fungus to affect growth and development of plant reproductive structures.
SPs, SSPs and genes unique to Microbotryum species In conducting the gene enrichment analysis, by designating genes encoding secreted (SP), small and secreted (SSP) and products unique to Microbotryum species in genomic comparisons [4] as gene sets, we were able to discover their enrichment, which would not have otherwise been possible due to the lack of known domains. A subset of this group, 71, were predicted SSPs, small proteins which bear the hallmarks of fungal effectors that would be postulated to play roles in manipulating the host during infection [4, 52] . Similarly, 1534 predicted proteins were unique to M. lychnidisdioicae, based on the comparisons made to other fungi [4] ; of these, 46 were predicted to be SSPs.
To understand whether the genes were up-regulated in Mated and NL and further up-regulated in Pmated, we compared the SPs that contributed to core enrichment of each of the three gene sets in each treatment. Out of the 65 SPs that were up-regulated relative to Mated during the Pmated time course, 21 (32.3 %) of them were found at all time points (Fig. S4a) ; of the SPs, 26 were SSPs found upregulated in Pmated compared to Mated, and 38.5 % of these were induced at all time points (Fig. S5a) . It is interesting that 'Pmated12' and 'Pmated48' did not share any upregulated SPs other than those that were up-regulated through 'Pmated24', suggesting that there were specific roles for individual SPs at different time points. For instance, the SSPs produced during early exposure to phytol appeared to be different from those used in the last stage of Pmated treatment. As examples, MVLG_01138, MVLG_05717, MVLG_05398, MVLG_00443 and MVLG_05835 were all significantly up-regulated in 'Pmated24' and 'Pmated48' compared with 'Pmated12'. Additionally, some genes of note that were significantly expressed more highly at 48 h of exposure to phytol compared with 12 or 24 h included MVLG_00566, MVLG_00784, MVLG_1310, MVLG_06949, MVLG_03368 and MVLG_01690. Of course, due the limitation of sampling times in this study, we must point out that additional subsets of genes could be differentially regulated at different timepoints (not specifically measured here) throughout the course of phytol exposure. It is also important to note that, although few of the SSPs contain PFAM domains, MVLG_01690 contains a PFAM domain for a GPI-anchored CFEM; proteins containing this domain are often associated with fungal pathogenesis. A total of 109 SPs are potentially involved in the mating and filamentation process (Fig. S4b) , of which 29 were SSPs (Fig. S5b) . NL and Mated uniquely shared 30 (29.1 %) of these genes (3 were SSPs) and only 17 (16.5 %; of (Fig. S6a) ; only two were common between Pmated12 and Pmated48. There appeared to be substantial discrete and overlapping gene expression throughout the course of the treatment (Table 4) . A total of 393 unique proteins were involved in the mating and filamentation process (Fig. S6b) . NL and Mated shared 148 (37.7 %) of these and only 29 (7.4 %) overlapped with those also up-regulated in Pmated (Tables 3 and 4) .
SSP is the only gene set that had more overlap among NL, Mated and Pmated than when comparing NL and Mated only. Genes up-regulated in common by NL and Mated and exclusively used by Pmated were the major categories in the three gene sets. There is also a suggestion of tight control over which genes were used at each stage of the filamentation. From these observations, we deduce that discrete sets of genes were responsible for initiation of mating and the hyphae formation that follows, likely in a very systematic manner.
Conclusion
Availability of nutrients is often a trigger for a developmental switch. Fungal mating, for example, may be associated with low nitrogen [44] and/or low temperature [4, 8, 17] . For pathogenic fungi, additional downstream events in the pathogenic programme require compounds that serve as host cues [17, 53] . In this study, RNA-Seq analysis was used to examine a range of in vitro conditions that are associated with a pathogenic lifestyle. This examination allowed us to parse out differential transcription of genes that were expressed preferentially in one mating-type background compared with the other, including differences associated with nutrient availability. Moreover, some of these differences persisted in downstream stages, including mating and the initiation of the switch to filamentous dikaryon. In comparing the two different mating-type strains, proteins that were differentially expressed between the mating types in NL may be related to preparation for mating and may suggest division of labour for each of the two mating types in this endeavour. Genes that were responsive to phytol may be important for dikaryon formation, and those that are differentially expressed at different time points of phytol treatment may have specific functions at each stage of the switching process.
This investigation uncovered several categories of differentially regulated genes (i.e. OPTs, secretory lipases, MFS, SPs/ SSP and unique to M. lychnidis-dioicae) worthy of further investigation, as well as evidence that the RNAi pathway is also affected differentially under the conditions examined. These findings provide the basis to generate further hypotheses aimed at elucidating the mating pathway of M.
lychnidis-dioicae and its sequelae leading to the successful infection of its host plant. It will be necessary to move beyond computational analysis and experimentally target the classes of genes identified in this study. 
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